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Probing the Self-assembled Structures and pKa of Hydrogels Using 
Electrochemical Methods
Emily R. Crossa and Dave J. Adamsa,*
The surface chemistry of the aggregated structures that form the scaffold in self-assembled hydrogels - their charge, 
hydrophobicity and ion-binding dynamics - play an important role in determining the gel properties and the gel’s suitability 
for specific applications. However, there are limited methods available for the study of this surface chemistry. Here, we 
show that electrochemical techniques can be used to measure the surface chemical properties of the self-assembled 
aggregates structures and also to determine the pKa of the gelators. We also provide a method to quickly determine whether 
a functionalised-dipeptide will form either a gel or not. This method has scope for use in use in high-throughput screening 
and further complex pH-triggered self-assembled gelation systems.
Introduction
Low molecular weight gelators are molecules that self-assemble 
into one-dimensional aggregated structures, most commonly 
fibres.1-4 Gels are formed when these fibres entangle and 
immobilise solvent. Unlike polymer-based hydrogels, which are 
held together by covalent bonds, low molecular weight 
hydrogels are held together only by intermolecular forces such 
as hydrogen bonding and π-π stacking.2, 3, 5 This allows for 
reversibility and potentially greater control over the assembly 
process.2, 3, 5 The gelators self-assemble into the fibres that lead 
to a hydrogel due to a triggered decrease in the solubility of the 
gelator in solution as depicted in Figure 1a. There are many 
possible methods to reduce the solubility and many gelators are 
modified to suit a self-assembly regime to achieve useful gels.1-
3, 5-7 Their versatility means low molecular weight hydrogels 
have uses in applications such as sensors, cell growth, 
photocatalytic hydrogen production and organic photovoltaic 
devices.2, 3, 5, 8-12 
In this work, we use a range of LMWGs that have an 
aromatic group attached to a dipeptide (Figure 2).13 The 
dipeptides contain a carboxylic acid group which is 
deprotonated at high pH, which allows the LMWG to be 
dispersed in water. To lower the solubility of the gelator, the pH 
is decreased. Lowering the pH past the apparent pKa of the 
carboxylic acid of the gelator results in protonation of the 
carboxylic acid, and the gelator becomes insoluble. Gelators 
such as these are widely used.9, 14, 15 Generally, these gelators 
are used as single component systems, with one molecule 
forming the network. There is increasing interest in 
multicomponent systems, where two (or more) gelators self-
assemble, either interacting to provide a co-assembled 
network, or independently to form self-sorted networks.6, 16-18 
Multicomponent systems provide opportunity for materials 
which were not possible with only one component.16, 17, 19-25 For 
example, self-sorted systems can be prepared using a pH-
triggered approach using two gelators which have different 
pKas. As the pH is lowered below the pKa of the first gelator, its 
self-assembly is triggered.26 Only after the pKa of the second 
gelator is reached, does self-assembly of the second gelator 
occur (Figure 1b). 
Figure 1. Schematic diagram showing the evolution of a self-assembly as pH is 
lowered for (a) single component system: i) gelators are free in solution, ii) a 
trigger is applied that causes the gelator molecules to self-assemble into 1-
dimensional fibres, iii) the fibres entangle and immobilise the solvent to give a gel. 
(b) a multicomponent system: i) both gelators (blue and red) are initially free in 
solution, iia) a trigger is applied that causes one gelator to self-assemble into 1-
dimensional fibres, iib) the second gelator is triggered to self-assemble into 1-
dimensional fibres, iii) the fibres entangle and immobilise the solvent which 
results in a hydrogel.
a.School of Chemistry, University of Glasgow, Glasgow, G12 8QQ, U.K. 
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Figure 2. Chemical structures of 1-10 used in this study.
For both single and multicomponent gelator systems, the 
apparent pKa is therefore clearly important, with the pH at 
which the gels are formed being related to the apparent pKa.27, 
28 The gel properties are determined by the fibre network, and 
this is affected by the degree of charge on the fibres. However, 
there are limited methods available to readily determine the 
apparent pKa and to probe the assembly process. Methods to 
characterise the fibre interactions during self-assembly are also 
limited.29 The charge, hydrophobicity and ion-binding dynamics 
of the gelators and fibres play an important role in self-assembly 
which ultimately determines the suitability of the gels for 
specific applications.29 
 The pKa is formally defined as the pH when 50% of the 
molecules in aqueous solution exist in a protonated form and 
the other half are deprotonated.30 If gelators are aggregated, in 
a multicomponent system, or have two or more apparent pKa 
values, then the definition is not as simple. For example, there 
are no methods to determine accurately whether 50% of the 
gelator is protonated or not without knowing the degree of 
aggregation. If aggregation occurs, this can result in stabilisation 
of charge and a pKa that is higher than expected.27, 28 Therefore, 
developing a method that can determine the pKa/isoelectric 
point of a gelator would significantly benefit the field.
Here, we describe an electrochemical technique that can be 
used to analyse the interactions between the ions and the 
aggregated structure of the gelator (ion-fibre) during real-time 
gelation. The method allows us to determine the apparent pKa 
values and follow the evolution of the ion-fibre interactions as 
gelation occurs. This method can be applied to single as well as 
multicomponent systems. 
Experimental
Gelator solutions were prepared at high pH at a concentration 
of gelator of 10 mg/mL for use in a multicomponent system and 
5 mg/mL for single component systems, as described in the 
Supporting Information. To these gelator solutions, we added 
[Ru(NH3)6]Cl3 (TM). This TM was used as the cation is 
electrochemically reversible in aqueous solution.31 Based on 
previous work,32-34 where the cross-linking of gelator fibres with 
cations produced hydrogels at high pH, we rationalised that 
cross-linking or interactions with the TM should also lead to a 
degree of immobilisation of the TM at high pH. As pH is 
decreased to below the pKa of the gelator, the carboxylic acid 
will be protonated and the TM will then be free to diffuse 
through the solution. The electrochemical techniques rely upon 
this change in binding, shown schematically in Figure 3. 
Figure 3. Schematic diagram showing the evolution of self-assembly as pH is 
lowered for: a) single component system i) At high pH, the TM (blue) is 
immobilised in solution by the crosslinking or interaction with the gelators (red). 
ii) When the pH equals the pKa, the TM begins to dissociate from the gelators as 
they become protonated. iii) At low pH, the TM has fully dissociated from the 
fibres. The increase in the concentration of the dissociated TM results in an 
increase in current. b) multicomponent system. As pH is lowered i) At high pH, the 
TM (blue circles) is immobilised in solution by the crosslinking or interaction with 
the gelators (red and blue ovals). iia) When the pH equals the pKa of the red 
gelator, the TM begins to dissociate from the red gelator as they become 
protonated. The increase in the concentration of dissociated TM results in a small 
increase in current. iib) When the pH equals the pKa of the blue gelator, the TM 
begins to dissociate from the blue gelator as they become protonated. iii) At low 
pH the TM has fully dissociated from the fibres. The increase in the concentration 
of dissociated TM results in an increase in current.
Given the diffusion coefficient of the TM is dependent upon its 
radius of hydration and the viscosity it experiences through 
solution via the Stokes-Einstein equation (Equation 1), we 
should observe an increase in diffusion coefficient when the 
transition metal becomes free in solution.
Equation 1. Stokes-Einstein equation where D is the diffusion coefficient, k is the 
Boltzmann constant, T is the temperature, η is the viscosity, and R is the radius of 
hydration.
Using the Randles-Sevcik equation (Equation 2), we can 
determine the change in diffusion coefficient by measuring the 
change in peak oxidation current of the TM as a function of pH 
or time.35 When the TM is bound to the gelator at high pH, we 
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expect the conductivity will be low due to the increase in the 
radius of diffusing species around the TM, whereas below the 
pKa we expect the conductivity of the TM to be higher due to 
the lower radius of hydration. We assume the free TM will be 
able to travel freely through the pores of the gel implying that 
the viscosity will be similar to water. A large increase in 
conductivity will therefore signify the pKa value.
Equation 2. Randles-Sevcik equation where ip is the peak oxidation or reduction 
current, n is the number of electrons transferred, F is Faraday’s constant, A is the 
area of electrode, C is the concentration of TM, v is the scan rate, R is Rybergs 
constant, T is the temperature and finally D is the diffusion coefficient.
Results and discussion
Cyclic voltammetry
We begin by discussing the pH titration method. A common 
method of triggering gelation for dipeptide gelators such as 
those used here is to use pH. Initially, a solution at high pH is 
prepared, and then gels are formed by lowering the pH using 
hydrochloric acid.36-38 When adding aliquots of hydrochloric 
acid and measuring pH, a plateau around the pKa value is 
observed.28, 39 This method is commonly used to determine the 
apparent pKa of such gelators.27, 28 However, with this method 
the volume of gelator solution increases with the addition of 
acid which can be problematic if the pKa is dependent upon 
concentration.28 
Nonetheless, lowering the pH by additions of aliquots of HCl, 
we were able to record the TM-gelator interactions using cyclic 
voltammetry. The TM was added to the gelator solution at pH 
10. After each addition of HCl (0.1 M), the pH was measured and 
a CV was recorded to observe the peak current for the TM. For 
this family of gelator, at high pH typically worm-like micelles or 
diffuse aggregates are formed stabilised by the deprotonated 
carboxylic acid (the type of aggregate can be determined by 
NMR for example).32, 40 Either kind of structure should be able 
to bind to the positively-charged TM. When the peak current is 
low, this suggests that the TM is bound to the gelators, due to 
the increase in apparent radius of the TM. When the current 
peak is high, we suggest the concentration of free TM in 
solution is high due to the apparent decrease in radius of the 
TM, resulting in a high diffusion coefficient. This implies that 
more gelator molecules are protonated and not binding to the 
TM. 
The diffusion coefficient was calculated at different pH 
values (Figure 4), exemplified for molecules 1-4 (see Figure 2). 
For the molecules that form gels by this method, after initial 
additions of HCl, we observe small changes in the diffusion 
coefficient, as would be expected with a system above the pKa. 
For 1 and 4, there is a slight initial increase in diffusion 
coefficient as pH decreases, whereas for 2 & 3 there is a slight 
decrease in diffusion coefficient. This suggests differences in the 
self-assembly regime but could also be due to subtle changes in 
the viscosity as the pH is lowered. With subsequent additions of 
HCl, we observed a rapid linear increase in the diffusion 
coefficient. This is where we identify the pKa to be. A similar 
trend was observed in all gelators measured where the change 
in gradient of diffusion coefficient and pH was used to 
determine the pKa value. We note that the values determined 
agree well with the values previously measured by a pH 
titration.28, 41 A summary of the recorded pKa values with 
literature values is provided in Table S1 (Supporting 
Information).
Not all molecules in this family form gels.14 When aliquots of 
HCl were added to a solution of a molecule that does not form 
a gel (e.g. 5 and 10), there was again an initial small change in 
the diffusion coefficient (Fig. 4e and f). However, at a critical pH, 
there was a sharp decrease in diffusion coefficient. This sharp 
decrease in diffusion coefficient was a result of the gelator 
molecules forming a visible precipitate which sedimented to the 
bottom of the vial stopping the TM from diffusing to the 
electrode surface. We again associate this with the apparent 
pKa.
Figure 4. Change in the diffusion coefficient of the TM as pH is lowered by the 
addition of HCl (0.1 M) in a solution (5 mg/ mL) of (a) 1; (b) 2; (c) 3; (d) 4. The 
dashed line represents the apparent pKa values for these gelators. (e) and (f) show 
analogous data for (e) 5 (f) 10, where no gel is formed when the pH is decreased. 
By measuring the difference between the peak current at pH 9.5 
and at pH 4.5, we can therefore use this method to screen 
whether or not a molecule has the potential to be an effective 
pH-triggered gelator or not (Figure 5). A positive ⧍current value 
represents a molecule capable of forming a gel whereas a 
negative value suggests precipitation. Whilst for some systems,  
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this is no more effective than simply testing gelation by adding 
acid and inverting the vial, we highlight that pH-triggered 
gelation is highly dependent on the method of acid addition.42, 
43 Hence, this method can be used to show whether a gel could 
form or not, whilst a simple addition of acid to quickly lower the 
pH can sometimes result in samples where it is difficult to 
unambiguously demonstrate that a gel has formed.14 Our 
method also has the potential to be used on small volumes, 
where again unambiguously assigning gelation is difficult. We 
envisage that this method could be installed as part of a high 
throughput screening process for pH triggered self-assembled 
hydrogels.  
Figure 5. The change in current between pH 9.5 and 4.5 for the TM in solutions of 
gelators 1-10. Gelators that form a gel are shown in blue and those that form 
precipitates are shown in red. The gelation ability was checked independently of 
the ⧍current measurements.
Continuous cyclic voltammetry
Adding mineral acids can often result in systems that are 
strongly affected by kinetics, leading to issues with mixing.42, 43 
To get around this, we have developed methods to allow 
homogeneous gels to be formed. One such method is to lower 
the pH by the addition of glucono-δ-lactone (GdL).43, 44 GdL 
slowly hydrolyses to gluconic acid, which lowers the pH of the 
system without the need for stirring.43 GdL produces gels which 
tend to have homogenous properties.43 Due to this slow 
hydrolysis, and so the slow self-assembly process, to determine 
the pKa we need a method that records data over the period of 
time and that does not distort the network. 
After adding GdL to a solution of a gelator, continuous cyclic 
voltammograms (CVs) were run over 16 hours with a scan rate 
of 0.04 V/s vs an Ag/AgCl (3 M) reference electrode allowing the 
diffusion coefficient as a function of time to be determined. By 
measuring the evolution of pH at the same time as the CVs, we 
expected to determine the pH when the increase in diffusion 
coefficient was observed. The results for gelator 1 and 4 are 
shown in Figure 6a and 6b. A very slight increase of diffusion 
coefficient was observed around pH 6.0 for 1 and pH 5.8 for 4. 
Although these values correspond to the pKa values obtained in 
the pH titration data above, the method itself did not provide 
data that was easy to interpret. The change in linearity of the 
diffusion coefficient is more gradual over a larger pH range 
compared to the sharp change with HCl titration. Therefore, this 
makes it more difficult to determine the pKa value and the 
method not optimal. 
Figure 6. Evolution of pH (black squares) and diffusion coefficient from continuous 
CV (red circles) for (a) 1 (b) 4 with time after addition of GdL to a solution at high 
pH. The dashed line represents the literature pKa values for these gelators. The 
enlarged graph regions to the right of the original graph show a zoomed in version 
of the data around the pKa value.
Multiple Pulse Amperometry
Because of the difficultly in determining the pKa from the data 
using continuous CVs, we moved to using multiple pulse 
amperometry (MPA). In MPA, the potential is switched between 
the reduction and oxidation potential in a binary fashion. The 
method differs from cyclic voltammetry where the potential is 
instead swept linearly between two potentials. MPA increased 
the number of data points that could be collected in unit time 
twenty-fold. MPA is also easy to set up experimentally and is 
more time and labour efficient compared to titration methods.
MPA was applied to a gelation system with GdL and the pH 
was measured over time. Figure 7a and 7b show the MPA and 
pH evolution for gelators 1 and 2 respectively. The maximum 
current peak occurs at the pH where we expect pKa to occur 
from data in Figure 4. Measuring the rheology concurrently with 
the pH and current during gelation allows us to correlate 
between when the pKa is observed and the onset of gelation. 
The onset of gelation can be identified as the large increase in 
storage modulus (G′), this increase in G′ can be observed for 1 
and 2 in (Figure 7a and 7b) at the same time point as the current 
peak. We would expect this from our previous work.28
 The situation for 1 and 2 is straightforward. The MPA 
method can however be used to understand less 
straightforward cases. For example, for 6 (Figure 7c), we 
observe the maximum current peak shown with the dashed line 
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labelled (i) at pH 6.0. As the pH buffers around this value there 
is an increase in G′ at the same pH shortly afterwards, shown 
with the dashed line labelled (ii). This suggests that once the pKa 
is reached at (i), there is a time delay in the formation of a 
network that immobilises water being formed. However, it is 
important to point out that both the current peak and G′ onset 
(i) and (ii), occur at the same pH value. 
When using this method for a system that does not form a 
gel, 5, two peaks in the current were found (Fig. 7d, labelled (i) 
and (ii)).  At points (i) (pH 5.7) and (ii) (pH 5.0), there appears to 
be a shift in charge. After peak at point (i), the current value 
becomes more negative suggesting more TM is free in solution. 
After point (ii), the current value becomes less negative 
suggesting there is less TM free in solution. Coupling the MPA 
data with rheological time sweeps, there is an increase in G′ at 
point (i). This suggests the formation of a network that 
immobilises water.  Next, we can see the G′ peaks at point (ii), 
it is at this point the gel is most stiff. Then after point (ii), as the 
current tends to zero, the G′ value decreases. Finally, after 
second peak the current becomes more negative again, the 
change in G′ continues to decrease which corresponds to the 
formation of the precipitate.
Multicomponent systems
In multicomponent systems composed of two gelators, we 
would expect the TM to bind to both gelators at high pH. From 
our previous work, addition of GdL leads to sequential assembly 
as long as the pKa of each gelator is different (Figure 1b).26 As 
pH is lowered below the pKa of the first gelator, we would 
expect displacement of the TM from this gelator by protons. 
This would increase the concentration of free TM in solution 
resulting in an increase in current. Then, as the pH reaches the 
pKa of the second gelator, further displacement of TM and a 
final increase in current would be expected (shown 
schematically in Figure 3b).
Figure 8. Evolution of pH (black squares), current (red circles) and storage (blue 
full circles) and loss (blue hollow circles) moduli for a multicomponent system of 
2 and 9. The dashed lines represents the pKa values for these two gelators.
We applied the MPA method to a multicomponent system 
consisting of gelators 2 and 8. These dipeptides were chosen on 
the basis of the large difference in single component pKa 
values.28, 45 However, any combination could be used. The 
evolution of current, pH, storage and loss moduli are shown in 
Figure 7. Evolution of pH (black squares) and current (red circles) with time for (a) 1, (b) 2 after addition of GdL. The dashed line represents the pKa values for these gelators. 
(c) shows the evolution of storage (blue full circles) and loss (blue hollow circles) in addition to pH and current on a log scale for 6. (e) shows the pH (black squares), current 
(red circles) and storage (blue full circles) and loss (blue hollow circles) moduli for 5. The dashed line labelled (i) represents the pKa value and the dashed line labelled (ii) 
represents when the self-assembly process deviated from forming a gel.
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Figure 8. Highlighted are the two pKa values for 2 and 8. Within 
two minutes after the addition of GdL, the pH decreased to the 
pKa of gelator 8. At this point, an increase in G′ is observed and 
we also just pass the first peak in current. This suggests 9 is 
forming a network in the absence of 2. Once the pKa of 2 has 
been reached, we observe a second increase in G′ and the 
beginning of a second current peak. This would suggest 8 is 
beginning to assemble.26 Finally, at pH 3.8 the pKa of GdL is 
observed, shown by another current peak. 
Conclusions
We have demonstrated how electrochemical techniques can be 
used to probe the surface chemistry of self-assembled hydrogel 
fibres including their charge and ion-binding dynamics. This 
included developing a new pKa determination methods for this 
class of amino acids or dipeptides. We were able to determine 
whether a functionalised-dipeptide would self-assemble to 
form a hydrogel or precipitate, and at what pH this occurs. 
Furthermore, we developed a method to probe the real-time 
self-assembly kinetics of a functionalised-dipeptide using 
multiple pulse amperometry, rheology and pH evolution. 
Finally, we expanded this method to complex multicomponent 
systems and were able to observe the surface chemistry of the 
individual fibres forming as pH was lowered. The future scope 
of this work includes use in high-throughput screening for pH-
triggered systems and further complex gelation systems. 
Finally, whilst conceptually zeta potential measurements could 
be used in a similar fashion,46 zeta potential measurements are 
recorded for all charged species in solution. This means that it 
difficult to identify between gelator fibres and other charged 
species present. This also means for multicomponent systems, 
the differentiation between charged species would be near 
impossible.
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Decrease in pHpKa
We use electrochemical techniques to measure the surface chemical properties of 
the gelling aggregates and determine the pKa of gelators.
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